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EXECUTIVE SUMMARY
This report describes the results of an experimental study to measure the sorption of fissile actinides on monosodium titanate (MST) at conditions relevant to operation of the Actinide Removal Process (ARP). The study examined the effect of a single contact of a large volume of radionuclide-spiked simulant solution with a small mass of MST. The volume of simulant to MST (8.5 L to 0.2 g of MST solids) was designed to mimic the maximum phase ratio that occurs between the multiple contacts of MST and waste solution and washing of the accumulated solids cycle of ARP. This work provides the following results.
• After a contact time of ~2 weeks, we measured the following actinide loadings on the MST (average of solution and solids data), Pu: 2.79 ± 0.197 wt %, U: 14.0 ± 1.04 wt %, and Np: 0.839 ± 0.0178 wt %.
• The plutonium and uranium loadings reported above are considerably higher than previously reported values. 1, 2, 3 The higher loading result from the very high phase ratio and the high initial mass concentrations of uranium and plutonium. A separate upcoming document details the predicted values for this system versus the results.
• The strontium DF values measured in these tests proved much lower than those reported previously with simulants having the same bulk chemical composition. 4 The low strontium DF values reflect the very low initial mass concentration of strontium in this simulant (<100 µg/L) compared to that in previous testing (> 600 µg/L).
INTRODUCTION
The Actinide Removal Process (ARP) serves to remove radioactive strontium and alpha activity from high-level waste solutions. High level waste transfers into the batch reactor and contacts MST. After 24-hours of contact, the suspension is filtered to affect a separation of the solids and the decontaminated solution. The decontaminated waste solution transfers on to either the Modular Caustic-Side Solvent Extraction Unit or the Saltstone Disposal Facility. The MST solids remain in the batch reactor. This operation is repeated until there are sufficient solids for transfer into the Defense Waste Processing Facility (DWPF). Current operational planning indicates that as many as 17 batch contacts will occur in a process cycle.
Testing in support of the down selection of technology for SRS waste pretreatment technology measured uranium loadings onto MST well above the maximum value determined under conditions relevant to the now-abandoned In-Tank Precipitation (ITP) process. 2 The higher uranium loadings onto MST and the operational strategy of up to 17 batch contacts provides an opportunity for much higher fissile loadings onto the MST in the ARP facility compared to the ITP facility. Thus, CBU requested that SRNL determine fissile loadings of uranium, plutonium and neptunium under conditions relevant to the ARP facility. 5, 6 This report provides a summary of the results of this study.
EXPERIMENTAL
The tests used a simulated waste solution prepared specifically for this work. The bulk chemical composition of this simulant is identical to that developed by SRNL for testing MST performance in support of salt processing at the Savannah River Site. 7, 8, 9 Table 1 provides the target chemical and radiochemical composition of the simulant. The quantities of actinide components derive from SRNL solubility calculations and were selected to maximize the loading of actinides onto the MST. The selected target actinide concentrations are considered reasonable approximations of the maximum soluble concentrations anticipated for ARP operations based on feed stream predictions.
A high concentration of strontium could potentially reduce the loading of the actinide elements onto the MST. Thus, we minimized the concentration of stable strontium in the simulant to reduce the potential for loading strontium onto the MST. We prepared the simulant using reagent grade chemicals and deionized distilled water (DDI) in accordance with the established procedure. 10 To satisfy all the goals of this study, the researchers followed a series of steps detailed below.
• Technicians prepared the simulant solution. The simulant was verified to contain the proper quantities of 85 Sr, 238 U, and 239/240 Pu according to SRNL procedures (see Appendix I).
• The prepared simulant stirred for 2 weeks to allow for the actinides to equilibrate into solution. During equilibrium the simulant was sampled for supernatant radioisotope concentrations. At the end of 2 weeks it appeared that equilibration was complete and the simulant was deemed ready for use (see Appendix I).
• Technicians split the simulant into three experimental bottles (Bottles #1, #2, #3) and one control bottle. Each bottle contained 8.5 L of the simulant solution.
• Personnel added 0.2 g of MST solids (0.0235 g MST/L) prepared by Optima Chemicals, Inc. (Batch #00-QAB-417) to each bottle and allowed contact for 7 days. The bottles were agitated using a magnetic stirrer.
• During the 7 day period, technicians sampled the supernatant in the experiment and control bottles at 4, 6, 8, 24, 96 , and 168 hours. Due to delays in filtering, a final filtrate sample was pulled just after filtration finished for each bottle. This final sample occurred at either 336 or 384 hours (depending on which bottle).
• At the completion of testing, the technicians filtered the MST using a removable 0.45 µm nylon filter and retained the MST for analyses. The experiments did not include the presence of any entrained sludge solids. The presence of solids would add the potential for leaching radionuclides from the sludge and could provide a variation in the concentrations of potential sorbates in solution.
√ SRNL did not deliberately add cold strontium. In such cases ≤100 µg/L of stable strontium typically enters the simulant as impurities from the chemical reagents, based on measurements of prior simulants prepared in this manner.
All experiments were performed at ambient laboratory temperature and pressure. The temperature was monitored at least once per day and ranged from 18.8 to 21.8 ºC over the testing period.
Sampling Methodology
For each solution sample, we removed a sub-surface aliquot from the test bottle. We filtered through a 0.1 µm syringe filter to remove any solids and acidified a measured volume of the filtrate with an equal volume of 5.0 M HNO 3 . We inspected the acidified samples after standing for a minimum of 2 hours for evidence of solids. The presence of solids could introduce an error into the determination of fissile concentrations. All acidified samples were found to be clear with no evidence of any solids. Sr gamma activities for decay between the time the sample was taken and the gamma spectrum was recorded.
At the conclusion of the experiment we recovered the MST solids by filtration. We attempted to dissolve the recovered solids in a 1:1 mixture of concentrated sulfuric acid and water. Previous testing found that MST solids loaded with plutonium and uranium readily dissolved in this acidic solution. 3 We observed that the solids from Bottle #3 readily dissolved in the sulfuric acid solution. However, the solids recovered from Bottles #1 and #2 did not completely dissolve. Additions of HNO 3 , H 2 O 2 , and NaF also failed to completely dissolve these solids. Thus, we filtered dissolution suspensions and recovered the undissolved solids and the filtrate from this step. The filtrate was recovered, diluted to a known volume and submitted to determine titanium, actinide and 85 Sr content. We recovered the undissolved solids and performed a sodium peroxide fusion to convert the solids to a form that would dissolve in acid. The peroxide fusion proved successful and we determined the titanium, actinide and 85 Sr content of these solids as well. 
EXPERIMENTAL RESULTS
The chemical and radiochemical composition of the simulant met the target concentrations for all components except plutonium. The plutonium concentration measured 885 µg/L compared to the target of 1200 µg/L. This result is not unexpected as a value of 885 µg/L falls within the confidence interval for plutonium solubility for a solution having the chemical composition as listed in Table 1 .
The plutonium concentration in this simulant is about a factor of 4 higher than that used in previous simulant testing 7, 8, 9 and a factor of 2 higher than that in actual waste testing.
11 At the conclusion of the experiment, the solution contained approximately 120 µg/L of plutonium. This indicates that the system contained sufficient total mass of plutonium for achieving high mass loadings onto the MST solids. Note that the solution concentration of plutonium was continuing to decrease with the final sampling time (ca. 2 weeks). This indicates that the system may not have reached equilibrium at the time we concluded the experiment.
At the end of the experiment, the loaded MST solids were recovered by filtration. MST solids recovery ranged from 33.4% to 78.1%, as measured by titanium content upon dissolution of the recovered solids. Solids losses likely reflect retention of the small quantities of solids (44 -130 mg MST) within the large 10 liter carboys used for the tests.
Recovered solids from two of the tests contained a small amount of solids that did not dissolve in sulfuric acid even upon addition of additional oxidizing and complexing agents, hydrogen peroxide and fluoride, respectively. We believe that these solids were aluminosilicates formed from the aluminum in the simulant and silicates leached from the filtering glassware. We affected dissolution of these solids using a peroxide fusion technique developed by the Analytical Development Section of SRNL. Analysis of the solutions produced by this dissolution technique revealed that these residual solids showed negligible amounts of actinides or strontium. Table 3 provides the solution concentrations of plutonium at each sampling time for the test and control bottles by the PuTTA and ICP-MS methods. Table 4 provides the decontamination factors (DF) for each sampling time. Figures 3 and 4 are the graphical representations of the data. The results show a high degree of precision among the three replicates and the analytical methods.
Plutonium Results
Plutonium Removal from Solution
Due to the large liquid:MST ratio, the rate of removal and final DF values are less than under lower phase ratio and lower initial sorbate concentrations. After approximately two weeks of contact, the average final DF measured 7.65. Caution should be exercised when using the short term (<24 hours) data. The short contact time data is difficult to distinguish from the control when evaluated with the analytical uncertainty. Figure 4 , the starred data points contain only 239 Pu data as the 240 Pu values fell below detection limits. Table 5 provides the measured loadings of plutonium onto MST for each test. Starred values at 336 or 384 hours of contact time are those measured from the recovered solids. All other values are those calculated based on the quantity of plutonium removed from solution and the quantity of MST added to each test bottle. Loading values are provided on weight percent (wt %) and µg Pu/g MST bases. For the wt % basis, the loading is calculated including the masses of all fissile elements (equation 1).
Plutonium Loading onto MST
(1) From the filtrate data the average plutonium loadings measured 0.576 ± 0.245 wt % and 6.25 ± 2.67E+03 µg Pu/g MST after 4-hours of contact, 1.02 ± 0.0647 wt % and 1.09 ± 0.0633E+04 µg Pu/g MST after 24-hours of contact, 2.05 ± 0.0535 wt % and 2.36 ± 0.071E+04 µg Pu/g MST after 168-hours of contact, and 2.62 ± 0.0574 wt % and 3.26 ± 0.0800E+04 µg Pu/g MST after ~360-hours of contact.
∏
The analysis of the recovered MST solids after ~360 hours of contact √ provided an average plutonium loading of 2.95 ± 0.390 wt % and 3.48 ± 0.500E+04 µg of Pu per g of MST.
The closest previous data set is from previous work done in 1993. The previous data was collected at 19 ºC after a 168-hour contact time over a range of MST concentration ranging from 0.05-0.5 g/L MST. From a loading curve derived from that work, the maximum plutonium loading at 0.0235 g MST per L of simulant (the conditions of this work) is estimated at 0.192 wt %. The higher value reported in this testing is consistent with the much higher initial plutonium concentration in the simulant compared to the earlier testing.
Plutonium Mass Balance
One check of data consistency is whether the sum of the analytical results from the filtrate and solids match the known amounts of plutonium in solution before the addition of the MST. The plutonium in the final filtrate sample and the plutonium on the MST solids were compared to the plutonium in solution before the addition of MST (Table 6 ).
For the plutonium in the filtrate before MST addition, the value is the average of the four samples. For the plutonium on MST, the amount of plutonium captured on all the MST was corrected for the recovered quantity of MST. The % Mass Balance term was derived by dividing the sum of the Pu in the filtrate and Pu on the MST by the Pu in the filtrate before MST addition.
The mass balance from the PuTTA analyses proved less precise than that based on the ICP-MS analyses. However, across all replicates and analyses the mass balance averaged 106 ± 11.9%, which indicates a very good mass balance for plutonium.
∏ The averaged data points contain both PuTTA and ICP-MS data. √ The averages do not account for the slight differences in timing of the final samples for the three bottles.
We consider the effect of the time difference to be minimal. A second mass balance check can be calculated by comparing the ~360 hour filtrate against the solids data. A good mass balance will have both values close to each other. In this case, the filtrate data result of 3.26 ± 0.0800E+04 and the solids data result of 3.48 ± 0.500E+04 are within the combined uncertainties of each other. Table 7 provides the solution concentrations of uranium at each sampling time for the test and control bottles as determined by the ICP-MS method. Table 8 provides the decontamination factors (DF) for each sampling time. Figure 9 is the graphical representation of the data.
Uranium Results
Uranium Removal from Solution
As with plutonium, the uranium results show a high degree of precision between all three replicates. Prior to 96-hours of contact, we cannot conclusively determine the degree of uranium removal. At or after 96-hours contact, the solution data indicates increasing uranium removal with increasing contact time. Table 9 provides the measured loadings of plutonium onto MST for each test. Starred values at 336 or 384 hours of contact time are those measured from the recovered solids. All other values are those calculated based on the quantity of uranium removed from solution and the quantity of MST added to each test bottle. Loading values are provided on weight percent (wt %) and µg U/g MST bases. For the wt % basis, the loading is calculated using equation 1 except with the mass of uranium in the numerator. From the filtrate data the average uranium loadings measured 6.98 ± 0.837 wt % and 7.60 ± 0.991E+04 µg U/g MST after 4-hours of contact, 4.74 ± 1.17 wt % and 5.06± 1.31E+04 µg U/g MST after 24-hours of contact, 10.3 ± 0.379 wt % and 1.19 ± 0.0495E+05 µg U/g MST after 168-hours of contact, and 16.7 ± 0.870 wt % and 2.01 ± 0.130E+05 µg U/g MST after ~360-hours of contact.
Uranium Loading onto MST
∇
The analysis of the MST solids recovered after approximately 2 weeks of contact provided an average uranium loading of 11.2 ± 1.89 wt % and 1.32 ± 0.252E+05 µg U/g MST.
The closest previous data set is from previous work done in 2002. The previous data was collected at 19 ºC, 1 week, at 0.2 g MST per L of simulant. From that work, the maximum estimated U loading was 5.13 ± 0.509%. The higher value reported in this testing is consistent with the higher initial uranium concentration in the simulant compared to the earlier testing.
Uranium Mass Balance
We used the same methodology described for plutonium to check the uranium mass balance. Table 10 provides the calculated values and mass balances for each test. The average mass balance across all replicates and analyses is 93.8 ± 1.10%, which indicates a very good mass balance for uranium. A second mass balance check can be calculated by comparing the ~360 hour filtrate against the solids data. A good mass balance will have both values close to each other. In this case, the filtrate data result of 2.01 ± 0.130E+05 and the solids data result of 1.32 ± 0.252E+05 are ~52% different. While the mass balance from both sets of data is quite good, when comparing against each other there is a large variance.
∇ The averages do not account for the slight differences in timing of the final samples for the three bottles.
We consider the effect of the time difference to be minimal. Table 11 provides the solution concentrations of neptunium at each sampling time for the test and control bottles as determined by the ICP-MS method. Table 12 provides the decontamination factors (DF) for each sampling time. Figure 13 is the graphical representation of the data.
Neptunium Results
Neptunium Removal From Solution
As with plutonium and uranium, the neptunium results show a high degree of precision between all three replicates. Prior to 96-hours of contact, we cannot conclusively determine the degree of neptunium removal. At or after 96-hours contact, the solution data indicates increasing neptunium removal with increasing contact time. Table 13 provides the measured loadings of neptunium onto MST for each test. Starred values at 336 or 384 hours of contact time are those measured from the recovered solids. All other values are those calculated based on the quantity of neptunium removed from solution and the quantity of MST added to each test bottle. Loading values are provided on weight percent (wt %) and µg Np/g MST bases. For the wt % basis, the loading is calculated using equation 1 except with the mass of neptunium in the numerator. * Starred data is derived from the loaded MST solids analyses whereas the rest of the data is derived from the filtrate data.
Neptunium Loading on MST
From the filtrate data the average uranium loadings measured 0.289 ± 0.0306 wt % and 314 ± 0.354E+03 µg Np/g MST after 4-hours of contact, 0.231 ± 0.0101 wt % and 2.46 ± 0.130E+03 µg Np/g MST after 24-hours of contact, 0.535 ± 0.0230 wt % and 6.14 ± 0.294E+03 µg Np/g MST after 168-hours of contact, and 0.869 ± 0.0159 wt % and 1.08 ± 0.0255E+04 µg Np/g MST after ~360-hours of contact.
∂
The analysis of the MST solids recovered after approximately 2 weeks of contact provided an average loading of 0.809 ± 0.0318 wt % and 9.55 ± 0.472E+03 µg Np/g of MST).
Neptunium Mass Balance
We used the same methodology described for plutonium to check the neptunium mass balance. Table 14 provides the calculated values and mass balances for each test. The average mass balance across all replicates and analyses is 93.8 ± 1.07%, which indicates a very good mass balance for neptunium.
∂ The averages do not account for the slight differences in timing of the final samples for the three bottles.
We consider the effect of the time difference to be minimal. In this case, the filtrate data result of 1.08 ± 0.0255E+04 and the solids data result of 9.55 ± 0.472E+03 are only slightly outside of each others uncertainties. Table 15 provides the solution activities of 85 Sr at each sampling time for the test and control bottles as determined by gamma spectroscopy. Table 16 provides the decontamination factors (DF) for each sampling time. Figure 7 is the graphical representation of the data.
Strontium Results
Strontium Removal from Solution
As with the actinide measurements, the 85 Sr results show a high degree of precision between all three replicates. Unlike the actinide measurements, we observed a rapid decrease in 85 Sr activity during the first 24 hours followed by a gradual decrease over the remaining time. The removal of 85 Sr proved very low (average DF of 2.65 after 2 week contact) compared to a strontium DF of 181 using a simulant containing much higher initial strontium concentration and contacted with 0.4 g/L of MST for 1 week. The low decontamination factor is not unexpected given the high phase ratio of solution to MST solids and the low initial strontium concentration in the simulant. 
Strontium Loading on MST
Given the low strontium concentration in the simulant, we did not determine the loading of strontium onto the MST solids. We did measure the 85 Sr content in the recovered solids so that we could determine the 85 Sr mass balance.
Strontium Activity Balance
We used the same methodology described for plutonium to check the 85 Sr activity balance. 
DISCUSSION OF RESULTS
The operational strategy for the ARP facility is considerably different than that planned for the Salt Waste Processing Facility. Due to the small batch reactor size, multiple small batches must be conducted to accumulate sufficient MST solids for washing and transferring to the Defense Waste Processing Facility (DWPF) for disposal. Current plans include a total of seventeen (17) separate batch contacts. This has the effect of exposing the MST solids to multiple contacts with fresh waste solutions. Consequently the loading of strontium and fissile elements could be higher than that in the SWPF which will contact the MST with a single or possibly two batches of waste solution. Given the potential for higher fissile loadings, CBU requested that SRNL measure fissile loadings at conditions that would bound conditions.
Maximum fissile loading will occur at high phase ratios and with waste solutions that contain high concentrations of the fissile elements (Pu, U and Np) and low strontium concentration. The average phase ratio over the 17-contact process cycle is planned at 2500 mL/g MST (0.4 g/L MST). After the first contact of the process cycle, the phase ratio for decreases as the total MST concentration increases. Thus for the 17 th contact, the phase ratio decreases a value of about 150 assuming no losses of the MST solids.
To provide bounding fissile loadings we measured the loading at a phase ratio of 42,500 mL/g MST (0.0235 g/L MST). This is the ratio calculated if a single strike of MST at 0.4 g/L MST were carried through the entire 17-contact process cycle. In normal operations only 1/17 th of the total quantity of MST solids present at the conclusion of the process cycle would have contacted waste solution at this equivalent phase ratio.
We also chose to measure the loadings in contact with a simulated waste solution that contains very high concentrations of uranium, plutonium and neptunium. The selected concentrations represent the highest expected values for waste solutions that will be processed through the ARP facility. Thus, the measured fissile loadings reported in this document should provide conservative values for normal operations in the ARP facility.
At the conditions tested we measured fissile loadings from the recovered MST solids of 2.95 ± 0.390 wt % for plutonium, 11.2 ± 1.89 wt % for uranium, and 0.809 ± 0.0318 wt % for neptunium. Calculations indicate good mass balance agreement for all three actinides. The measured loadings for uranium and plutonium in this study are considerably higher than those previously reported in support of the In-Tank Precipitation Facility. The higher loadings are consistent with that expected given the much higher phase ratio and higher fissile concentrations in the simulated waste solution.
The researchers calculated the theoretical maximum loading 12 from an analysis of the MST physical structure. By comparing this to the sum of the loaded fissile species (Pu, U, Np), we find the percentage of theoretical capacity is 34.6%. If we assume only the fringe region of the MST physical structure is involved with fissile loading, this value increases to 74.6%. 13 This indicates a high degree of loading for the MST and confirms the conditions of our tests were challenging.
CONCLUSIONS
From this work we derive the following conclusions.
• Testing measured the following fissile loadings onto MST at ARP relevant conditions after 2 weeks of contact (average of solution and solids data), Pu: 2.79 ± 0.197 wt %, U: 14.0 ± 1.04 wt %, and Np: 0.839 ± 0.0178 wt %.
• Fissile concentrations in the simulated waste solution suggests that equilibrium conditions may not have been reached after the 2-week contact time. At longer contact times in which the test system would reach equilibrium, the fissile loadings may be slightly higher than those reported above. However, given the very high phase ratios and high initial fissile concentrations in the simulated waste solution, we conclude that the reported values represent conservative loading values under conditions relevant to the ARP facility.
